Introduction
============

Extracellular signaling from the plasma membrane to the nucleus is a hallmark of metazoan animals and frequently entails the activation of transcription factors at ligand-bound receptors.[@R1]^,^[@R2] The activated transcription factors then translocate through nuclear pore complexes to the nucleus and bind sequence-specifically to promoter elements of their target genes. Signal transduction via **s**ignal **t**ransducers and **a**ctivators of **t**ranscription (STATs) is a paradigmatic example for such direct signaling from cell surface receptors to the nuclear compartment.[@R1]^-^[@R5] Upon stimulation of cells with cytokines, members of the STAT protein family are phosphorylated on a critical tyrosine residue by receptor-associated Janus kinases (JAKs) and subsequently move as transcriptionally active dimers into the nucleus, where they recognize palindromic motifs in the promoter regions of cytokine-driven target genes.[@R6]^-^[@R13] Among the seven human family members, all of which are activated by a diverse set of cytokines and growth factors, the STAT1 pathway transmits interferon (IFN) signals required for numerous immune-modulatory functions. Interferons of type I (IFNα/β) act through binding of STAT1/STAT2/p48 to IFN-stimulated response elements (ISRE), whereas exposure of cells to IFNγ (type II) induces the formation of STAT1 homodimers and their recruitment to GAS (γ-activated sites) sequences.[@R14]^-^[@R16]

Although there is evidence of an antiparallel dimer conformation before cytokine exposure, stimulation of cells with IFNγ resulted in the formation of parallel STAT1 homodimers by reciprocal interactions between the SH2 domain on one monomer and the phosphorylated tyrosine residue 701 on the other monomer.[@R8] Beside the carrier-dependent nuclear import of phospho-dimers, also unphosphorylated STAT1 molecules shuttle between the cytoplasm and the nucleus in a process that does not require carriers or metabolic energy, but direct interactions with nucleoporins located in the nuclear pore complexes.[@R17]^,^[@R18] This constitutive nucleocytoplasmic translocation of unphosphorylated STAT1 occurs both in resting and IFNγ-stimulated cells. Tyrosine-phosphorylated STAT1 dimers must first become dephosphorylated by nuclear phosphatases until they are capable of leaving the nuclear compartment to participate in additional rounds of cytosolic reactivation and subsequent nuclear re-import.[@R19] Continuous nucleocytoplasmic shuttling in and out of the nucleus is required for linkage of receptor-associated activation to target gene finding in order to maintain a constant level of transcriptionally active STAT1 in the nucleus. This rather complex regulation of the STAT1 signal pathway ensures that time-dependent changes in receptor-based processes at the plasma membrane are rapidly transmitted into a transcriptional response.

The STAT1 DNA-binding domain plays a key role in linking transport processes to GAS recognition and gene activation. First, it contains a non-classical and non-transferable nuclear localization signal (NLS) with unique features which is exposed only on the surface of activated STAT1 dimers. Binding of importin α5 to the dimer-specific NLS (dsNLS) facilitates nuclear import of phosphorylated STAT1 homodimers in complexation with importin β.[@R17]^,^[@R20]^-^[@R24] Second, a β sheet arrangement running parallel to the long axis of the immunoglobulin fold faces the DNA double helix at one end, where it makes direct contact with the phosphodiester backbone and a limited number of bases involved in GAS recognition.[@R25] Third, in the context of a spatial reorientation of the parallel STAT1 dimer to an antiparallel form, the DNA-binding domain of one monomer interacts reciprocally with the phenylalanine residue 172 in the coiled-coil domain of the other monomer and, thereby, promotes conformational dimer rearrangement.[@R26]^-^[@R29]

Given the central role of the DNA-binding domain in the regulation of the activation-inactivation cycle of STAT1, we generated a point mutant with impaired DNA binding and stabilization of the antiparallel dimer configuration and characterized its phenotype in the light of the systemic design of the IFNγ pathway. This mutant allowed us to study the physiological significance of high-affinity GAS binding and a rapid exchange between the two different dimer configurations in terms of signal strength and duration.

Results
=======

Substitution of phenylalanine 364 leads to hyper-phosphorylation of STAT1
-------------------------------------------------------------------------

In order to generate DNA-binding mutants of the transcription factor STAT1, we substituted alanine residues for amino acids in the DNA-binding domain and tested the phenotype of the resulting mutants. We identified a conserved hydrophobic amino acid residue in position 364 of the STAT1 molecule, which is a phenylalanine, and in the homologous positions of other STAT family members either isoleucine (in STAT2, STAT3, STAT4, STAT5A and STAT5B) or methionine (in STAT6). The crystal structure of DNA-bound STAT1 revealed that the phenylalanine residue 364 resides underneath a surface pocket in the center of the DNA-binding domain ([Fig. 1](#F1){ref-type="fig"}). Its aromatic side chain appears to contribute to the gross structural alignment of this domain, and is not engaged in direct contacts to DNA. Replacement of the phenylalanine residue 364 by alanine generated a STAT1 mutant, which is expressed at normal levels in transfected HeLa or STAT1-reconstituted U3A cells ([Figs. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). Interestingly, stimulation of cells with 5 ng/ml of interferon-γ (IFNγ) led to an elevated tyrosine phosphorylation of the F364A mutant as compared with the wild-type protein both in HeLa and U3A cells ([Fig. 2A](#F2){ref-type="fig"} and data not shown). Addition of staurosporine, a potent inhibitor of JAK tyrosine kinases, to IFNγ-prestimulated HeLa cells resulted in prolonged and elevated levels of tyrosine-phosphorylated STAT1-F364A. After 45 min of exposure to staurosporine, the percentage of the initial phospho-STAT1/STAT1 ratio was 64.0 ± 23.8% for the mutant vs. 27.1 ± 8.2% for the wild-type molecule (p = 0.026), demonstrating that the F364A mutation cell-independently caused a significant hyper-phosphorylation of STAT1 ([Fig. 2B](#F2){ref-type="fig"}). Moreover, in HeLa cells expressing the GFP fusion protein of STAT1-F364A, the non-recombinant endogenous STAT1 was also protected from rapid inactivation and persisted longer in a tyrosine-phosphorylated state than in cells co-expressing the GFP-tagged wild-type protein. There was a 2.3-fold increase in the specific tyrosine phosphorylation rate of native STAT1 in cells co-expressing F364A-GFP as compared with cells co-expressing WT-GFP (standard deviation 2.0, n = 4, p = 0.029, see [Fig. 2A](#F2){ref-type="fig"}).

![**Figure 1.** Localization of phenylalanine residue 364 in the DNA-binding domain of STAT1 transcription factor. (**A**) Depicted is a ribbon diagram of the crystal structure of a truncated monomeric STAT1 molecule bound to DNA with the DNA-binding domain colored in yellow and the residue F364 in magenta.[@R25] (**B**) A closer view of the ribbon representation demonstrates the spatial orientation of the aromatic ring of F364 in relation to the residues Q340, G384 and Q408 (colored in blue), which are part of a pocket structure on the surface of the protein required for the interaction with the partner monomer in the antiparallel dimer conformation (not shown).](jkst-2-e23576-g1){#F1}

![**Figure 2.** Substitution of alanine for phenylalanine at position 364 resulted in prolonged and elevated tyrosine phosphorylation of mutant STAT1 in cells stimulated with interferon-γ. (**A--D**) Equal cell numbers of HeLa cells expressing either wild-type (WT) or mutant STAT1-F364A, both tagged with green fluorescent protein (GFP), were exposed to IFNγ (2.5 ng/ml and 5 ng/ml, respectively) for 45 min before the kinase inhibitor staurosporine (500 nM) was added to the cells for the indicated times. Shown are the time courses of tyrosine phosphorylation as examined by western blotting using a STAT1-specific phospho-tyrosine antibody (αp-STAT1, top panel) and the same membranes after stripping and re-probing with the pan-STAT1 antibody C-24 (αSTAT1, bottom panel). Phosphorylation was monitored in whole cell lysates (**A--C**) as well as in cytosolic and nuclear extracts (**D**). The top arrowhead marks recombinant GFP-tagged STAT1 (S1-GFP) and the bottom arrowhead indicates endogenous STAT1 (S1). (**B**) Quantification of four independent western blotting experiments showing the ratio of phospho-STAT1 to total STAT1 normalized to STAT1-WT-expressing cells prior to adding staurosporine. Means and standard deviations for each time point are expressed. (**E and F**) Hyper-phosphorylation of STAT1-F364A did not result from decreased DNA binding. Cells expressing either F364A or DNAminus (V426D/T427D) were pretreated for 45 min with IFNγ and subsequently exposed to staurosporine for the indicated times. Cellular extracts were normalized to equal ratios of phosphorylated to total cellular STAT1 at baseline and loaded onto a SDS-gel. Shown are a representative western blot result (**E**) and a diagram depicting the decline in phospho-STAT1/STAT1 ratios for the two mutants \[(**F**), means from two independent experiments\]. The upper bands on each blot mark recombinant GFP-tagged STAT1, whereas the lower bands correspond to native STAT1.](jkst-2-e23576-g2){#F2}

![**Figure 3.** The STAT1 mutant F364A shows unaltered kinetics of interferon-γ-induced nuclear accumulation. (**A and B**) Treatment of IFNγ-prestimulated HeLa cells with staurosporine led to a collapse of nuclear accumulation of GFP-tagged STAT1-F364A and restored its pancellular resting distribution with similar kinetics to the wild-type protein. Cells were either left untreated (− IFNγ) or treated for 45 min with 5 ng/ml IFNγ (+ IFNγ) before staurosporine (500 nM) was added for additional 0 and 60 min, respectively. (**A**) Microscopic images show the intracellular localization of STAT1-GFP and the Hoechst-stained nuclei. (**B**) The corresponding histogram demonstrates the nuclear-to-cytosol fluorescence intensity ratios with bars representing means and standard deviations. (**C and D**) Treatment with staurosporine for the indicated times resulted in a normal break-down of nuclear accumulation of untagged STAT1, which was independent of the presence of the F364A mutation. Immunocytochemical stainings using a STAT1-specific primary and Cy3-labeled secondary antibody show the rapid collapse of nuclear accumulation in IFNγ-prestimulated reconstituted U3A cells resulting from the exposure to staurosporine. Fluorescence microscopical images (**C**) demonstrate nuclear and cytoplasmic STAT1 concentrations in representative cells and the histogram (**D**) shows a quantitative analysis including means and standard deviations. The experiments were performed at least three times with similar results.](jkst-2-e23576-g3){#F3}

When HeLa cells expressing STAT1-F364A-GFP were treated with half of the IFNγ concentration (2.5 ng/ml) used for stimulation of WT-GFP-expressing cells, the tyrosine phosphorylation levels were similar in both variants as judged by western blotting, confirming that the mutation was associated with a hyper-phosphorylated phenotype ([Fig. 2C](#F2){ref-type="fig"}). In summary, substitution of a critical phenylalanine residue in the DNA-binding domain not only prolonged tyrosine phosphorylation of the recombinant STAT1-GFP variant, but also partially suppressed dephosphorylation of the co-expressed native STAT1.

Next we investigated whether the increased tyrosine phosphorylation of STAT1-F364A simply resulted from an impaired nuclear import of phospho-dimers which might expose the mutant to the higher kinase and lower phosphatase activities in the cytoplasm as compared with the nucleus. In order to determine the intracellular compartmentalization of hyper-phosphorylated STAT1-F364A in IFNγ-treated cells, we performed cellular fractionation experiments with cytosolic and nuclear extracts. As shown in [Figure 2D](#F2){ref-type="fig"}, there was a detectable difference in the cytoplasmic amount of tyrosine-phosphorylated STAT1 between wild-type and mutant protein, as judged by western blotting using an antibody that specifically recognized tyrosine-phosphorylated STAT1. Similarly also in nuclear extracts, the amount of phosphorylated STAT1 differed substantially, as higher phospho-protein levels were observed for the mutant than for the wild-type molecule. Stripping and re-probing the same membrane with a pan-STAT1 antibody demonstrated that the intracellular pools of STAT1 did not differ very much between the two STAT1 variants. Thus, hyper-phosphorylation of the F364A mutant was associated with both increased cytosolic and nuclear concentrations of phospho-STAT1, thus excluding the possibility that the underlying mechanism of the mutant resulted from a reduced nuclear import rate due to a dysfunctional dsNLS.

Furthermore, we excluded that the elevated phosphorylation level of F364A was the consequence of an altered DNA binding. The DNAminus mutant, which failed to bind to DNA due to the replacement of two DNA-contacting residues by negatively charged aspartic acid (V426D/T427D),[@R19] showed a similar phosphorylation level as the wild-type protein. In contrast, the STAT1-F364A mutant was partially resistant against the inhibitory effect of staurosporine ([Fig. 2E and F](#F2){ref-type="fig"}).

Unaltered cytokine-induced nuclear accumulation kinetics despite elevated tyrosine phosphorylation
--------------------------------------------------------------------------------------------------

It has previously been reported that nuclear accumulation of STAT1 following stimulation of cells with IFNγ reflects the retention of phosphorylated STAT1 dimers on genomic DNA.[@R19] Therefore, we hypothesized that the prolonged and elevated tyrosine phosphorylation of STAT1-F364A was associated with a pronounced cytokine-induced nuclear accumulation. However, we found that the collapse of nuclear accumulation upon staurosporine exposure followed the same kinetics irrespective of the presence of the F364A mutation ([Fig. 3A and B](#F3){ref-type="fig"}). Thirty minutes after addition of the kinase inhibitor to IFNγ-pretreated HeLa cells, the predominant nuclear localization of the two GFP-adducts of STAT1 (mean peak nuclear/cytoplasmic fluorescence intensity for WT 27.5 ± 5.4 vs. F364A 27.0 ± 7.6, p \> 0.05) was no longer visible (WT 4.3 ± 2.2 vs. F364A 4.1 ± 1.4, p \> 0.05) and the cells had nearly restored their pancellular STAT1 resting distribution (WT 0.6 ± 0.1 vs. F364A 0.6 ± 0.1, p \> 0.05). Corroborating this observation, in immunocytochemical staining of reconstituted U3A cells expressing untagged recombinant STAT1, we again detected that the break-down of nuclear accumulation induced by staurosporine did not significantly differ between the two STAT1 variants (WT 0.4 ± 0.2 vs. F364A 0.5 ± 0.2, p \> 0.05) ([Fig. 3C and D](#F3){ref-type="fig"}). Furthermore, 45 min after adding IFNγ to the cells, the nuclear build-up of wild-type STAT1 was within the same range as that of the mutant (WT 22.9 ± 10.2 vs. F364A 23.7 ± 9.3, p \> 0.05).

Decreased binding affinity of STAT1-F364A to GAS sites
------------------------------------------------------

The striking finding that the phenylalanine mutant displayed unaltered nuclear accumulation behavior despite its hyper-phosphorylation suggested an overlooked inhibitory mechanism, which might compensate for the elevated intracellular pool of phosphorylated STAT1. Therefore, we tested for changes in DNA-binding affinity by means of electrophoretic bandshift assays using radioactively labeled DNA probes and whole cell extracts from reconstituted U3A cells. As shown in [Figure 4A](#F4){ref-type="fig"}, the sequence-specific binding of the mutant to a DNA probe containing a single GAS site, termed M67, was significantly lower than for the wild-type protein. When equal amounts of phospho-protein as determined by immunoblotting were densitometrically measured for their binding activity to M67 by means of EMSA, the mutant showed a significantly reduced DNA-binding, which was approximately half that of STAT1-WT (49 ± 5.0%; p = 0.032, [Fig. 4B](#F4){ref-type="fig"}). Furthermore, binding to a single GAS site adjacent to a non-GAS site (GAS-nonGAS) was critically impaired, as, in contrast to its wild-type counterpart, specific binding was hardly detectable ([Fig. 4A](#F4){ref-type="fig"}). Competition experiments with excess unlabeled DNA demonstrated that the F364A mutant displayed a rapid dissociation from DNA similar to wild-type STAT1 ([Fig. 4C and D](#F4){ref-type="fig"}). Using labeled oligonucleotides with a tandem array of GAS sites (2 × GAS), tetrameric complexes of both wild-type and mutant STAT1, but not dimeric STAT1 resisted challenge with excess unlabeled M67 (for the mutant the mean ratio of dimeric/tetrametric STAT1 before and after competition was 62.7 ± 8.9% vs. 2.2 ± 0.8%, respectively, p \< 0.001), demonstrating that STAT1-F364A exhibited tetramer stability, indicative of normal cooperative DNA binding ([Fig. 4E and F](#F4){ref-type="fig"}).

![**Figure 4.** Decreased DNA-binding affinity of the STAT1 mutant F364A. (**A**) Gelshift experiment showing the reduced DNA-binding affinity of the mutant as compared with the wild-type protein. Before being loaded onto a native polyacrylamide gel, cell lysates from IFNγ-stimulated U3A cells (5 ng/ml) expressing either wild-type or mutant STAT1 were incubated with radioactively labeled DNA containing M67, GAS-nonGAS or 2 × nonGAS probes. The asterisk marks a non-specific band and the arrowhead at the right margin of the gel corresponds to STAT1. (**B**) Densitometric assessment of the DNA-binding activity of mutant and wild-type STAT1 normalized to equal amounts of phospho-protein as determined by immunoblotting (p = 0.032). (**C and D**) Comparison of the dissociation rate between STAT1-WT and F364A on a single STAT binding site (M67) as determined by electrophoretic mobility shift assay (EMSA). Whole cell extracts from IFNγ-prestimulated U3A cells were incubated with radioactively labeled DNA for 15 min and, subsequently, a 750-fold molar excess of unlabeled M67 was added for the durations indicated, before the samples were loaded onto a polyacrylamide gel. In the first lane, anti-STAT1 antibody C-24 was present in the EMSA reaction used for identification of STAT1-DNA complexes which are marked with an arrowhead. (**E and F**) Normal cooperative DNA binding due to tetramer stabilization of the F364A mutant. Extracts from an equal number of IFNγ-stimulated U3A cells expressing either wild-type or mutant STAT1 (5 μl in each lane) were incubated in vitro with \[^32^P\]-labeled DNA containing a tandem GAS site (2 × GAS). The reactions were either left unchallenged (-) or challenged for 30 min with a 750-fold excess of a single, unlabeled GAS site (+ Competition). (**E**) Autoradiography including, in lane 1, a supershift with 20 ng of STAT1 antibody C-24 added to the reaction. At the margin of the EMSA gel, the positions of tetrameric (T) and dimeric (D) STAT1 are marked with arrowheads. (**F**) Graphic representation showing the densitometrically measured signal intensities of dimeric-to-tetrameric STAT1 bound to 2 × GAS before (− Comp.) and after (+ Comp.) competition as determined from three independent experiments (p \< 0.001). (**G and H**) Demonstration of the DNA-binding defect of the F364A mutant in HeLa cells expressing recombinant STAT1-NES-GFP, which coded for a transferable nuclear export signal (NES) situated between the cDNAs for full-length STAT1 and GFP. Cells expressing wild-type STAT1-NES-GFP or the respective F364A variant thereof were either left untreated or stimulated with 5 ng/ml of IFNγ in the presence or absence of 10 ng/ml of leptomycin B (LMB). Epifluorescence microscopic images of representative cells under the various stimulation conditions (**G**) and a quantitative analysis of the cytoplasmic/nuclear signal intensity ratios (**H**) are shown.](jkst-2-e23576-g4){#F4}

To confirm that the F364A mutant had indeed a complex phenotype balancing hyper-phosphorylation and impaired DNA-binding affinity, we used a recombinant plasmid coding for a STAT1 mutant with enhanced nuclear export velocity. The resulting transcript exposed a STAT1-specific nuclear export signal (NES) between the STAT1 sequence and the C-terminal fused GFP domain. As expected, the intracellular localization of the resulting STAT1-NES-GFP mutant differed dramatically from wild-type STAT1-GFP in its predominant cytoplasmic distribution before and after 45 min of IFNγ stimulation ([Fig. 4G and H](#F4){ref-type="fig"}, compare with [Fig. 3A](#F3){ref-type="fig"}). Both in the presence and absence of cytokine stimulation, the nuclei of STAT1-NES-expressing cells were depleted of GFP epifluorescence (cytoplasmic/nuclear fluorescence intensity in resting cells expressing WT 11.8 ± 2.0 vs. F364A 9.9 ± 3.8, p \> 0.05). However, combined treatment with IFNγ and the CRM1 exportin inhibitor leptomycin B (LMB) completely restored defective nuclear accumulation of STAT1-NES-GFP. In contrast, substitution of an alanine residue in position 364 for phenylalanine generated a STAT1-NES mutant that failed to accumulate in the nucleus upon combined stimulation of cells with IFNγ and LMB (cytoplasmic/nuclear fluorescence intensity 11.9 ± 4.2 as compared with 0.04 ± 0.02 for WT, p \< 0.001). Thus, in the context of the NES adduct, the additionally introduced F364A mutation resulted in an opposite accumulation behavior, since the reduced binding affinity of the mutant to genomic DNA could not compete with the artificially enhanced nuclear export rate.

Diminished inactivation of tyrosine-phosphorylated STAT1-F364A by Tc45 phosphatase
----------------------------------------------------------------------------------

The hyper-phosphorylated status of the mutant in cytokine-stimulated cells may result from elevated tyrosine phosphorylation by receptor-associated kinases and/or impaired dephosphorylation by STAT1-inactivating phosphatases. To test these hypotheses, whole cell extracts from untreated U3A cells expressing either wild-type or mutant STAT1 were incubated in vitro with recombinant JAK2 kinase or epidermal growth factor receptor (EGFR), respectively. The results showed that STAT1-F364A was normally phosphorylated by JAK2 ([Fig. 5A and B](#F5){ref-type="fig"}) and EGFR ([Fig. 5C and D](#F5){ref-type="fig"}). When we incubated extracts from IFNγ-pretreated U3A cells with purified Tc45, the nuclear isoform of the T-cell protein-tyrosine phosphatase,[@R30] it was found that the mutant was partially protected against the catalytic attack of the inactivating phosphatase (p \< 0.034, [Fig. 5E and F](#F5){ref-type="fig"}). Thus, the inherent ability of STAT1-F364A to become hyper-phosphorylated in response to an interferon-γ stimulus can be explained by a hampered interaction with Tc45 phosphatase.

![**Figure 5.** Phosphorylated STAT1-F364A is partially resistant against inactivation by Tc45 phosphatase. (**A--D**) In vitro phosphorylation assays demonstrate unaltered tyrosine phosphorylation of STAT1-F364A. Whole cell extracts from reconstituted U3A cells expressing either STAT1-WT or -F364A (10 μl in each reaction) were incubated with 40 ng of recombinant JAK2 kinase (**A and B**) or 20 ng of EGF receptor \[EGFR, (**C and D**)\] and incorporation of phosphate in STAT1 was monitored with time by means of western blotting. Statistical analyses revealed no significant difference in the phosphorylation kinetics between wild-type and mutant STAT1 (p \> 0.05). (**E and F**) STAT1-F364A is partially protected against the attack of the inactivating phosphatase, as revealed by an in vitro dephosphorylation assay. Extracts from IFNγ-prestimulated U3A cells (10 μl each) were incubated with 2 U of the STAT1-specific Tc45 phosphatase and tyrosine dephosphorylation was followed for 30 min. Shown are a representative western blot result (**E**) and a quantitative depiction (**F**) of the specific tyrosine phosphorylation (phosphotyrosine signal divided by total STAT1 signal) with bars expressing means and standard deviations. Significant differences between wild-type and mutant STAT1 from five independent experiments are indicated with asterisks (p = 0.034 and p = 0.017, respectively). (**G**) An electrophoretic mobility shift assay demonstrates the exchange of monomers between STAT1 dimers. Shown is a representative gelshift result using cellular extracts from U3A cells expressing either GFP-tagged or untagged STAT1 bound to M67 DNA. The identity of the bands corresponding to STAT1 (marked with arrowheads) was confirmed by the absence of or reduction in DNA-binding activity in IFNγ-stimulated Y701F- (lane 1) and unstimulated WT-expressing cells (lane 2) as well as from supershift reactions using either a STAT3- (lanes 3 and 5) or STAT1-recognizing antibody (lanes 4 and 6). In lanes 7--10, similar amounts of GFP-tagged and untagged homodimers were either immediately mixed and incubated together for 45 min (lanes 8 and 10) or incubated separately for 45 min before being loaded together onto the gel (lanes 7 and 9). The asterisk at the right margin marks a non-specific band.](jkst-2-e23576-g5){#F5}

Because STAT1 dimers are subjected to a constant oscillation between a parallel and antiparallel conformation,[@R29] we next wondered whether, in the case of dimeric STAT1-F364A, there is also an exchange of monomers. To answer this question, we mixed similar amounts of extracts from transfected U3A cells expressing either GFP-tagged or untagged STAT1 and analyzed by means of EMSA experiments the in vitro formation of STAT1-GFP/STAT1 heterodimers following 45 min of incubation at RT ([Fig. 5G](#F5){ref-type="fig"}). In controls, the same extracts were incubated separately for 45 min and mixed immediately before being loaded onto the gel (reaction time 0 min). We observed the de novo formation of heterodimers only in mixed reactions (lanes 8 and 10), but not in extracts that had not been mixed before (lanes 7 and 9). This result confirmed the previous finding of an exchange of monomers between STAT1 dimers, demonstrated here by the occurrence of an additional band corresponding to newly formed heterodimers bound to M67. For the mutant F364A, we also detected a monomer exchange indicative of a transition between the two dimer conformations, which was within the same range as that measured for the wild-type protein. Approximately one fifth of the total STAT1 DNA-binding activity was confined to newly formed heterodimeric STAT1 complexes, irrespective of the presence of the F364A mutation (for both variants 21%).

Transcriptional activity of the F364A DNA-binding mutant
--------------------------------------------------------

Finally, we tested the transcriptional activity of the F364A mutant by means of luciferase assays ([Fig. 6A](#F6){ref-type="fig"}) and real-time reverse transcriptase-PCR ([Fig. 6B](#F6){ref-type="fig"}). For reporter gene assays, we used two luciferase-encoding plasmids containing either an IFNγ-driven promoter with triple GAS sites (3 × Ly6E) or a promoter containing a 339-bp fragment from the human *icam-1* gene (pIC-339). On both reporters, the hyper-phosphorylated STAT1-F364A mutant showed a significantly decreased gene expression as compared with the wild-type ([Fig. 6A](#F6){ref-type="fig"}). However, assessment of transcriptional activity on three different STAT1-dependent target genes revealed a differential expression pattern between the mutant and native protein ([Fig. 6B](#F6){ref-type="fig"}). Whereas activation of *gbp1* and *mig1* genes was slightly reduced in the presence of the mutation, the *irf1* gene was conversely transcribed at higher rates, underscoring the complex phenotype of the DNA-binding mutant with regard to transcriptional activation.

![**Figure 6.** Transcriptional responses of the STAT1 DNA-binding mutant F364A. (**A**) Decreased reporter gene activation in U3A cells expressing STAT1-F364A as compared with the wild-type protein. U3A cells were transiently transfected with expression plasmids coding for either of the two STAT1 variants, the luciferase reporter constructs indicated and a constitutively expressed β-galactosidase gene used for normalization. The reporter constructs contained either a triple GAS site from the Ly6E promoter (3 × Ly6E) or a 339 base pair fragment from the native ICAM-1 promoter (pIC-339). On the next day, cells were either left untreated (− IFNγ) or stimulated for 6 h with 5 ng/ml of IFNγ (+ IFNγ) before, in whole cell extracts, luciferase luminescence and β-galactosidase activity were measured in six independent experiments. (**B**) Activation of three endogenous STAT1 target genes in U3A cells expressing either mutant or wild-type STAT1, as determined by real-time RT-PCR. Expression levels of the *irf1*, *mig1*, *gbp1* and for control *stat1* gene before and after 6 h stimulation with 5 ng/ml of IFNγ are shown. Gene induction was normalized to the expression of the house-keeping gene *gapdh*. The data are presented as means and standard deviations from at least three independent experiments. Statistical significance between the groups of IFNγ-stimulated cells expressing the indicated STAT1 variants is marked by asterisks.](jkst-2-e23576-g6){#F6}

Discussion
==========

Sequence-specific DNA binding and an extensive spatial dimer reorientation from a DNA-bound parallel to an antiparallel conformation have been identified as basic principles of STAT1 signal transduction.[@R15]^,^[@R27]^-^[@R29] Impeding either of these processes resulted in a substantial decrease in interferon-γ-mediated signal strength, as has been demonstrated from experiments using DNA-binding mutants with reduced affinity to GAS sites or defective transition between dimer conformers due to a critical point mutation in the interacting amino-termini.[@R19]^,^[@R31]^,^[@R32] In the study presented here, we characterized a point mutation in the hydrophobic center of the STAT1 DNA-binding domain, which critically affected the structural integrity of the overall domain architecture and allowed us to analyze the combined phenotype of the mutant with respect to signal propagation.

Whereas all existing DNA-binding mutants with an increased dissociation rate from GAS sites characterized so far have shown normal or even reduced tyrosine-phosphorylation levels upon stimulation of cells with IFNγ,[@R19]^,^[@R33] the structural mutant described here unexpectedly exhibited significantly elevated concentrations of tyrosine-phosphorylated STAT1 in both cytosolic and nuclear extracts from IFNγ-stimulated cells as compared with the wild-type molecule ([Fig. 2D](#F2){ref-type="fig"}). The hyper-phosphorylation of the F364A mutant resulted from an impaired stabilization of the antiparallel dimer conformation, in which a pocket composed of Q340, G384 and Q408 in the DNA-binding domain on one monomer interacted with the phenylalanine residue 172 located in the coiled-coil domain of the other monomer.[@R26]^-^[@R28] Mutation of either the pocket residues or the critical F172 residue was shown to lead to persistent tyrosine phosphorylation, indicating that there is an extensive rotation of the monomers from a parallel to an antiparallel orientation, whereas the monomeric core structure is retained virtually intact.[@R27]^,^[@R28]

Similar to the pocket mutants affecting the formation of antiparallel dimers, our F364A substitution mutant also showed prolonged and elevated levels of tyrosine phosphorylation ([Fig. 2B](#F2){ref-type="fig"}). The structural alterations in the architecture of the DNA-binding domain introduced by this mutation appear to negatively affect the stability of the antiparallel dimer conformation, thereby shifting the conformational equilibrium toward the parallel configuration. The decreased dephosphorylation rate of STAT1-F364A demonstrates that the antiparallel dimer is the preferential substrate of the inactivating phosphatase ([Fig. 5E](#F5){ref-type="fig"}). This finding confirms that for the wild-type STAT1 protein there is a high oscillation rate between the two dimer conformations, which is required for both DNA recognition (by the parallel dimer) and dephosphorylation (by the antiparallel dimer). Our in vitro tyrosine dephosphorylation assays with the isolated Tc45 phosphatase demonstrated that a mutation with a shifted conformational equilibrium, such as the F364A substitution, has profound effects on the rate of STAT1 activation. In addition, we found that the exchange rate of monomers between separate dimers was nevertheless unaffected by the mutation, as shown by the rapid de novo formation of STAT1/STAT1-GFP heterodimers from isolated GFP-tagged and untagged homodimers ([Fig. 5G](#F5){ref-type="fig"}).

The phenylalanine residue 364 is situated in the hydrophobic interior of the DNA-binding domain and aligns all three connecting loops that constitute the pocket surface required for interaction with the coiled-coil domain of the partner monomer ([Fig. 1](#F1){ref-type="fig"}). Its planar aromatic side chain, with a distance of approximately 9 Å to the bottom of the pocket and less than 12 Å to the surface of the DNA-binding face, is arranged in such a way that it forms two rectangles, nearly perpendicular to each other, which are directed toward the pocket and two threonines at positions 327 and 427, both of which have direct contacts to the DNA. This localization in the hydrophobic interior of the DNA-binding domain is crucial for the stabilization of the reciprocal coiled-coil domain/DNA-binding domain interactions in the antiparallel dimer configuration and, additionally, for the recognition of binding sites on DNA. Given the contribution of this residue to both processes, it is not surprising that a point mutant thereof fails to bind to GAS elements with high affinity and is partially defective in stabilizing the antiparallel dimer conformation.

However, when we tested the substitution mutant F364A for its ability to stimulate IFNγ-driven gene expression by means of real-time RT-PCR, we unexpectedly revealed that it had a well-preserved transcriptional activity that, in the case of the *irf1* gene, even surpassed that of the wild-type protein ([Fig. 6B](#F6){ref-type="fig"}). Thus, despite two synergistic mechanisms each of which, in isolation, should result in suppressed gene activation, we, nevertheless, found a remarkably high activation of the three endogenous STAT1-regulated target genes studied. This finding suggests that a shift in the equilibrium between the two dimer conformations can compensate for a critical reduction in high-affinity DNA binding and, thereby, restore nearly full transcriptional activity at IFNγ-driven target genes.

The observation that a DNA-binding mutant with decreased sequence-specific DNA binding showed a nearly normal gene induction underlines the physiological significance of the postulated shift between the two dimer conformations.[@R27]^-^[@R29] However, the complex phenotype of STAT1-F364A is achieved at the expense of signal responsiveness, since the mutant showed persistent tyrosine phosphorylation levels upon treating IFNγ-prestimulated cells with staurosporine. The elevated phospho-STAT1 concentrations in the presence of this potent kinase inhibitor, detected both in cytosolic and nuclear extracts of F364A-expressing cells, suggest that the mutant follows time-dependent changes in ligand-induced receptor occupation more slowly than the wild-type protein ([Fig. 2](#F2){ref-type="fig"}). Thus, the F364A DNA-binding mutant partially loses its ability to rapidly terminate signal output. These data demonstrate that the coupling of high-affinity DNA binding and the stabilization of the antiparallel dimer conformation is not required for optimal signal amplification, but rather allows for a dynamic response to decreased levels of receptor occupation. The inherent properties of the multi-functional STAT1 DNA-binding domain ensure both robust transcriptional response and a high adaptability to changing signal inputs.

Materials and Methods
=====================

Cell culture
------------

HeLa cells were maintained at 37°C in a humidified 5% CO~2~ atmosphere in Quantum 101 medium (PAA Laboratories) supplemented with 5% fetal calf serum (FCS; Biochrom), 1% penicillin and 1% streptomycin. U3A cells, first described by Müller et al. (1993) as a fibrosarcoma cell line lacking STAT1 expression,[@R34] were cultured in Dulbecco's modified Eagle's medium supplemented with 10% FCS and antibiotics. Cells were transfected using the Lipofectamine plus (Invitrogen) method according to the manufacturer's recommendations. On the next day, transfected cells were either left untreated or stimulated for the indicated times with 2.5 ng/ml and 5 ng/ml of human IFNγ (Biomol), respectively. After 45 min of IFNγ stimulation, the medium was replaced and the cells were subsequently exposed to 500 nM staurosporine (Sigma) for the time periods indicated. In some experiments, cells were additionally treated with 10 ng/ml leptomycin B (LC Laboratories).

Plasmid construction
--------------------

Expression of green-fluorescent protein (GFP)-tagged STAT1 fusion proteins was achieved by transfecting human cells with the pSTAT1-GFP vector.[@R35] This plasmid coded for full-length human STAT1 (amino acids 1--746) fused C-terminally to a red-shifted variant of GFP. The plasmids coding for dimerization-defective STAT1-Y701F and the DNAminus mutant, which lacks DNA binding due to the replacement of codons V426 and T427 by DD, have been described previously.[@R19] For expression of untagged STAT1, U3A cells were transfected with a pcDNA3.1 expression vector coding for human STAT1. The plasmid pSTAT1-NES-GFP encoded a STAT1 variant with hyperactive nuclear export, which resulted from the presence of a transferable nuclear export signal (NES) activity from amino acids 367--427 of STAT1 situated between the cDNAs for full-length STAT1 and GFP, as was described by Lödige et al.[@R36] Replacement of the native phenylalanine residue at position 364 for alanine was achieved by site-directed point mutagenesis using the QuikChange II kit from Stratagene, as recommended by the manufacturer. The F364A mutation was introduced in all three expression vectors pSTAT1-GFP, pcDNA-STAT1 and pSTAT1-NES-GFP. Mutations were verified by standard didesoxy termination DNA sequencing (Seqlab).

Fluorescence microscopy
-----------------------

The intracellular distribution of GFP-tagged fusions of STAT1 was determined by means of fluorescence microscopy. Transiently transfected cells were treated as described and subsequently fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 15 min at room temperature (RT). Nuclei were stained with 5 μg/ml Hoechst 33258 (Sigma) for 10 min at RT. The samples were finally mounted in fluorescence mounting medium (Southern Biotech) and GFP epifluorescence visualized using a Leica DM5000B microscope. Images were obtained with a CCD camera and further processed with the Leica QWin software.

Immunocytochemistry
-------------------

Untagged STAT1 was immunocytochemically detected in transfected U3A cells expressing either wild-type or mutant STAT1. Briefly, U3A cells grown on chamber slides were either left untreated or treated with IFNγ for 45 min. Subsequently, cells were either immediately fixed or additionally incubated in the presence of 500 nM staurosporine for an additional 30 and 60 min, respectively. Cells were fixed with methanol for 20 min at −20°C and, after two washes in PBS, permeabilized with 1.0% Triton X-100 in PBS for 20 min at RT. Non-specific binding was blocked by incubation with 25% FCS/PBS for 45 min at RT. STAT1 immunolabeling was performed by incubation with the STAT1-specific antibody C-24 (Santa Cruz) diluted 1:1,000 in 25% FCS/PBS for 45 min at RT. After three washes in PBS, the samples were incubated with Cy3-conjugated secondary antibody (Dianova) diluted 1:500 in 25% FCS/PBS for additional 45 min at RT. Finally, nuclei were stained with Hoechst 33258 and the mounted samples were visualized by fluorescence microscopy using a Leica DM5000B microscope equipped with appropriate fluorescence filters.

Western blotting
----------------

Cells grown on 6-well dishes were lysed on ice for 5 min in 35 μl cytoplasmic extraction buffer containing 0.1% Nonidet P40, 10 mM KCl, 1 mM EDTA, 10% glycerol, 20 mM Hepes, pH 7.4, 1 mM vanadate, 3 mM DTT, 0.4 mM Pefabloc and Complete protease inhibitors (Roche). The lysates were spun at 16,000 g for 15 sec at 4°C. The supernatants were recentrifuged at 16,000 g for 5 min and stored at −80°C as cytosolic extracts. The pellets from the first centrifugation step were resuspended in 35 μl nuclear extraction buffer containing 420 mM KCl, 1 mM EDTA, 20% glycerol, 20 mM Hepes, pH 7.4, 1 mM vanadate, 3 mM DTT, 0.4 mM Pefabloc and Complete protease inhibitors. After 30 min on ice, the nuclear extracts were centrifuged for 15 min at 16,000 g and the supernatants from this final centrifugation step were stored. For whole cell preparations, the cytoplasmic and nuclear extracts were combined and boiled in SDS sample buffer. Gel electrophoresis was performed on 10% SDS-polyacrylamide gels and the separated proteins were then transferred to nitrocellulose membranes. The membranes were incubated with a polyclonal antibody specifically recognizing tyrosine-phosphorylated STAT1 (Cell Signaling) and then with a horseradish peroxidase-conjugated secondary antibody (Dako). Bound immunoreactivity was detected using the enhanced chemiluminescence reaction (Pierce). Subsequently, the blots were stripped at 60°C for 60 min in a buffer containing 2% SDS, 0.7% β-mercaptoethanol and 62.5 mM TRIS-HCl, pH 6.8. The blots were then reprobed with polyclonal pan-STAT1 antibody C-24 obtained from Santa Cruz and finally exposed to horseradish peroxidase-conjugated secondary antibodies. STAT1 immunoreactivity was detected using chemiluminescence, as described above.

In vitro phosphorylation and dephosphorylation assays
-----------------------------------------------------

For in vitro phosphorylation assays, 10 μl of whole cell extract from STAT1-reconstituted U3A cells were mixed with 10 μl of kinase buffer containing 50 mM Hepes, pH 7.4, 3 mM MgCl~2~, 3 mM MnCl~2~, 3 µM vanadate, 10 mM DTT, 0.1 mM ATP and either 40 ng of recombinant Janus kinase 2 (JAK2, obtained from Enzo Life Science) or 20 ng of epidermal growth factor receptor (EGFR, obtained from US Biological). In vitro dephosphorylation assays were performed by incubating 10 μl of whole cell extract from reconstituted IFNγ-treated U3A cells with 10 µl of dephosphorylation buffer (25 mM TRIS-HCl, pH 7.5, 0.5 mg/ml BSA, 50 mM KCl, 5 mM EDTA, 20 mM DTT and Complete protease inhibitor) containing 2 U of the T-cell protein-tyrosine phosphatase, obtained from Biomol International. All samples were incubated at 30°C for the indicated times. Dephosphorylation was stopped by adding SDS sample buffer before phospho-STAT1 was detected by western blotting.

Gelshift assays
---------------

DNA-binding activity of STAT1 was assessed by means of electrophoretic mobility shift assays (EMSA). Briefly, extracts from U3A cells expressing either wild-type or mutant STAT1 were prepared as described above. Five microliters of each extract were incubated with 1 ng \[^32^P\]-labeled duplex oligonucleotide probes, which were generated by an end-filling reaction using Klenow fragment (New England Biolabs). The following duplex oligonucleotides with their respective antisense strands (not listed below) were used (GAS and GAS-like sites are in bold): M67, 5′-CGACAT**TTCCCGTAA**ATCTG-´3; 2 × GAS, 5′-CGT**TTCCCCGAA**ATTGACGGAT**TTCCCCGAA**AC-´3; GAS + nonGAS, 5′-CGT**TTCCCCGAA**ATTGACGGATTTACCCCAAC-´3; and 2 × nonGAS, 5′-CGTTTACCCCAAATTGACGGATTTACCCCAAC-´3. For end-filling labeling, the 5′ ends contained 4 bp overhangs (not included). Competition experiments were performed by equilibrating EMSA reactions with a 750-fold molar excess of unlabeled M67 DNA for the indicated times. In supershift assays, 20 ng of the STAT1-recognizing antibody C-24 were present in the shift reaction. The EMSA reactions were loaded on a 4% acrylamide:bisacrylamide (29:1) gel and the DNA-bound proteins separated by electrophoresis at 4°C. Binding activity was visualized in vacuum-dried gels using a phosphoimaging system (BAS-1000, Fujifilm) and the computer programs BAS-reader and TINA version 2.08.

Reporter gene assay
-------------------

U3A cells grown on 48-well plates were transiently transfected with the following amounts of cDNAs added into a single well: 250 ng of STAT1 expression plasmid, 200 ng of a constitutively expressed β-galactosidase reporter (Stratagene) and 70 ng of a luciferase reporter construct. The IFNγ-sensitive luciferase reporters contained either a triple Ly6E STAT-binding site (termed 3 × Ly6E) or the 5′-region of the human intercellular adhesion molecule 1 (ICAM-1) gene 339 bp relative to the transcription start site (termed pIC-339).[@R33]^,^[@R37] Twenty-four hours post-transfection, cells were either left unstimulated or treated for 6 h with IFNγ. Whole cell extracts were measured for luciferase (Promega) and β-galactosidase activities. For each STAT1 variant and stimulation mode, six independent samples were tested and the experiment was repeated at least three times. Data were normalized for the expression of β-galactosidase.

Real-time reverse transcriptase-PCR
-----------------------------------

Real-time reverse transcriptase-polymerase chain reactions (RT-PCR) were performed to compare the transcriptional activity of wild-type vs. mutant STAT1. U3A cells were transfected with pcDNA3.1 expression plasmids coding for wild-type or mutant STAT1. Twenty-four hours after transfection, cells were incubated for 15 h with Dulbecco's modified Eagle's medium supplemented with 1% FCS. After serum-depletion, cells were either left untreated or stimulated for 6 h with IFNγ. RNA was isolated with the peqGold Total RNA kit (Peqlab) and first-strand cDNA synthesis was performed using the Verso cDNA kit from Thermo Scientific. Real-time PCR reactions were performed in a total volume of 25 µl containing 250 ng cDNA, 70 nM of each specific primer pair and 12.5 µl SYBR Green. Using Primer 3 software (Applied Biosystems), gene-specific primers for three cDNAs from known STAT1 target genes (*irf1*, *mig1* and *gbp1*) as well as for *stat1* and *gapdh* were designed. In order to amplify fragments of about 200 bp in length, we used the following primer pairs: IRF1F, 5′-AGCTCAGCTGTGCGAGTGTA-′3; IRF1R, 5′-TAGCTGCTGTGGTCATCAGG-′3; MIG1F, 5′-CCACCGAGATCCTTATCGAA-′3; MIG1R, 5′-CTAACCGACTTGGCTGCTTC-′3; GBP1F, 5′-GGTCCAGTTGCTGAAAGAGC-′3; GBP1R, 5′-TGACAGGAAGGCTCTGGTCT-′3; GAPDHF, 5′-GAAGGTGAAGGTCGGAGTC-′3; GAPDHR, 5′-GAAGATGGTGATGGGATTTC-′3; STAT1F, 5′-CCGTTTTCATGACCTCCTGT-′3; and STAT1R, 5′-TGAATATTCCCCGACTGAGC-′3. Polymerase chain reactions were performed by a denaturation step at 95°C for 15 min, which was followed by 40 cycles of denaturation at 95°C for 30 sec, annealing at 55°C for 30 sec and extension at 72°C for 30 sec. After the final amplification step, a melting curve analysis was run via a temperature gradient from 60°C to 95°C in 0.5°C increment steps and fluorescence was measured at each temperature for a period of 10 sec. All reactions were performed in at least triplicate for each sample. The relative expression of a transcript was normalized to the expression level of *gapdh*, which was determined for each sample. The threshold (C~t~) was adjusted to areas of exponential amplification of the traces using the Realplex 1.5 software from Eppendorf. The ΔΔC~t~-method was used to determine relative expression levels by applying the equation 2^−(ΔCt\ target\ −\ ΔCt\ reference\ sample)^.

Statistical analyses
--------------------

Differences in tyrosine phosphorylation, DNA binding activity, intracellular fluorescence intensity and gene expression between wild-type and mutant STAT1 were assessed using Student's t-tests and Mann-Whitney-Wilcoxon tests, where appropriate. Means and standard deviations for each variant and stimulation mode were calculated. Statistical significance was defined as p \< 0.05.
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